The prevalence of the insertion sequence IS1548 is strongly linked to clonal complex 19 Streptococcus agalactiae strains associated with neonatal meningitis and endocarditis. We previously reported that IS1548 insertion upstream of lmb is involved in stronger binding of a S. agalactiae meningitic strain to laminin. A few other IS1548 insertion sites were also identified by others. In this study, we analyzed IS1548 described target sites in S. agalactiae and showed that most of them are linked to zinc-responsive genes. Moreover, we identified two not yet described IS1548 insertion sites in the adcRCB operon encoding the main regulator of zinc homeostasis and subunits of a zinc ABC transporter. We also identified two conserved motifs of 8 and 10 bp close to IS1548 insertion sites. These motifs representing potential IS1548 targets were found upstream of several S. agalactiae ORFs. One of these predicted IS1548 targets was validated experimentally, allowing the identification of an IS1548 insertion site upstream of murB in all of the clonal complex 19 strains tested. The possible effects of these insertions on the virulence of the strains are discussed.
Introduction
Streptococcus agalactiae is the main etiological agent of neonatal infectious diseases. It has also emerged in various infections in nonpregnant adults, such as endocarditis (Spellerberg, 2000; Farley, 2001) . The genome of S. agalactiae harbors several mobile genetic elements including the group II intron GBSi1 and a few insertion sequences (IS) among which are IS1548, IS861, IS1381, and ISSa4 (H ery-Arnaud et al., 2005) . We previously showed that the prevalence of these mobile genetic elements is linked to the phylogenetic classification of S. agalactiae. In particular, the presence of IS1548 strongly correlates with clonal complex (CC) 19 strains (H ery-Arnaud et al., 2005) .
IS1548, a 1317-bp-element carrying terminal inverted repeats of 19 bp, is present in S. agalactiae and other Streptococcus species including S. pyogenes (Granlund et al., 1998) . IS1548 belongs to the ISAS1 family, which includes several other IS and the 'H-repeats' that form part of some Escherichia coli rearrangement hot spot elements (Rhs). As with some other members of this family, IS1548 has been found to be associated with cell surface component genes (Chandler & Mahillon, 2002) .
Among the S. agalactiae strains whose whole-genome sequence is available, one of them, 2603V/R, belongs to the CC19 (Tettelin et al., 2002; Haguenoer et al., 2011) . We analyzed the published genome sequence of strain 2603V/R and found the presence of six IS1548 copies. Four of them are located in intergenic regions: (1) between glmS (sag0944) and phnA (sag0946) encoding a glucosamine-fructose-6-phosphate aminotransferase and a zinc-ribbon-containing protein involved in phosphonate metabolism, respectively; (2) between engA (sag1620) and sag1618 encoding a GTP-binding protein and a Snf2 family protein, respectively; (3) between clpP (sag1585) encoding an ATP-dependent Clp protease and the sag1577-sag1583 operon encoding a branched-chain amino acid ABC transporter; and (4) between ppc (sag0759) encoding a phosphoenolpyruvate carboxylase and the gene sag0761 encoding the cell cycle protein FtsW. The last two IS1548 copies of strain 2603V/R are integrated between sag0194 and sag0196, and between sag0692 and sag0694. BLAST searches in the sequenced genomes of S. agalactiae strains indicated that sag0194/ sag0196 and sag0692/sag0694 are the 5′-and 3′-terminal parts of two IS1548-interrupted genes encoding a transcription antiterminator of the BglG family and a fructose-specific IIBC component of a PTS system, respectively (M. Fl echard, unpublished data).
In other clinical isolates of S. agalactiae, IS1548 has also been found in hylB, encoding a secreted hyaluronidase, particularly in strains isolated from human endocarditis cases, and in the cpsD gene belonging to the capsular gene cluster (Granlund et al., 1998; Sellin et al., 2000) . Moreover, in numerous endocarditic and meningitic strains, IS1548 integrates between the C5a-peptidase and the laminin-binding protein Lmb genes, which represents the 'X' preferential insertion site (Granlund et al., 1998; Al Safadi et al., 2010) . In a few cases, the consequences of IS1548 insertions have been determined. IS1548 insertion in the virulence genes hylB or cpsD leads to their inactivation, resulting in strains unable to produce the secreted hyaluronidase or defective for capsule production, respectively (Granlund et al., 1998; Sellin et al., 2000) . Moreover, we previously showed that IS1548 integration upstream of the putative lmb-phtD operon in a strain responsible for a neonatal meningitis case leads to an increased expression of Lmb, resulting in stronger binding of the strain to laminin (Al Safadi et al., 2010) . These results suggest that IS1548 could modulate the virulence of S. agalactiae.
To better understand the influence of IS1548 on the virulence of S. agalactiae, we carried out a comparative analysis of the already known IS1548 insertion sites in CC19 strains with the aim of identifying putative common functional features of the neighboring genes and conserved motifs close to the integration sites. These data were used to predict several potential not yet identified insertion targets, which we tested experimentally on two chosen candidates.
Materials and methods

Bacterial strains and growth conditions
Sixteen strains coming from a collection of 277 epidemiologically unrelated human isolates of S. agalactiae, and previously shown to harbor the insertion sequence IS1548 between scpB and lmb, were analyzed in this study (Quentin et al., 1995; Al Safadi et al., 2010) . Streptococcus agalactiae strains were grown on chocolate agar + PolyViteX (PVX) plates (AES ® ) at 37°C. Cells were then grown overnight in brain-heart infusion (BHI) broth, harvested, inoculated in BHI broth at an OD 595 nm of 0.05, and grown with agitation to OD 595 nm of 1.8.
DNA extraction and PCR analysis
Primers were designed with the computer programs Primer3 and NetPrimer (Rozen & Skaletsky, 2000 ; http:// www.premierbiosoft.com/netprimer/index.html) and were chosen in regions conserved among all the S. agalactiae genome sequences available (Supporting Information, Table S1 ). Bacterial genomic DNA extracted and purified by the phenol-chloroform extraction method was used as the template for PCR assays (Sambrook et al., 1989) . PCRs were performed with an Applied Biosystems 2720 apparatus, using 0.5 U Ampli Taq DNA polymerase from AB Roche â in a 20-lL 1X PCR buffer II containing 1.5 mM Analyzer. Forward and reverse sequences were aligned using the CAP3 Sequence Assembly Program (Huang & Madan, 1999) .
Bioinformatic analysis
Sequences of the analyzed genes were retrieved from the database at http://www.ncbi.nlm.nih.gov/gene. Searches for homology between sequences were accomplished using the BLASTN program (http://www.ncbi.nlm.nih.gov/ blast). Conserved motifs in sequences surrounding described IS1548 insertion sites were identified with the MEME software at http://meme.ebi.edu.au/meme/cgi-bin/ meme.cgi (Bailey & Elkan, 1994) and then searched in the 5′-end and in the intergenic region upstream of S. agalactiae 2603V/R ORFs [database Streptococcus_aga-lactiae_2603_upstream] using the MAST software at http://meme.nbcr.net/meme/cgi-bin/mast.cgi (Bailey & Gribskov, 1998) .
Nucleotide sequence accession number
Sequences reported in this article have been deposited in the EMBL database under accession numbers HF548337, HF548338, HF548339, HF548340, HF548341, HF548342, and HF548343.
Results and discussion
Most of the known IS1548 insertion sites in S. agalactiae are associated with potentially zinc-regulated genes IS1548 insertion upstream of the putative lmb-phtD operon is responsible for an increased expression of the laminin-binding protein Lmb (Al Safadi et al., 2010) . Lmb has also been characterized as a zinc-binding protein involved in zinc transport in other Streptococcus species (Linke et al., 2009; Weston et al., 2009; Bayle et al., 2011) . Furthermore, the lipoprotein PhtD has been proposed to be a zinc scavenger in S. pneumoniae (Rioux et al., 2011) . We thus hypothesized that IS1548 insertions could be linked to zinc homeostasis and investigated whether other IS1548 insertion sites could be associated with zinc-related genes. Feng et al. reported that S. suis exposed to a high Zn 2+ concentration or deleted from the zinc-responsive Zur regulator gene (SSU05_0310) modifies the expression of several of its genes (Feng et al., 2008) . We thus searched the S. agalactiae 2603V/R genome for homologues of these genes (BLASTN searches) and found that four of them [glmS, sag1579, sag0197 (encoding a IIB subunit of a PTS transporter), and ftsW] are very close to IS1548 insertion sites previously described in S. agalactiae. With the site located upstream of lmb, five of the nine identified IS1548 insertion sites are thus very close to genes potentially linked to zinc homeostasis. In most of the Streptococcus species, zinc homeostasis is also regulated by the transcriptional repressor AdcR (Brenot et al., 2007; Aranda et al., 2009; Reyes-Caballero et al., 2010) . In S. agalactiae 2603V/R, adcR (sag0154) is found in a putative operon along with adcC and adcB encoding subunits of a putative high-affinity zinc ABC transporter. In the presence of high zinc concentrations, AdcR binds upstream of its own operon and a few other targets [genes encoding the laminin-binding protein Lmb, pneumococcal histidine triad (Pht) family proteins, or a ribosomal protein], which have been identified in S. pyogenes, S. suis, and S. pneumoniae (Brenot et al., 2007; Aranda et al., 2008 Aranda et al., , 2009 Reyes-Caballero et al., 2010 ). An AdcR-binding motif (TTAACNRGTTAA) has been predicted in silico and confirmed experimentally in S. suis (Aranda et al., 2008 (Aranda et al., , 2009 ). We found that in the S. agalactiae strain 97-3, harboring the IS1548 preferential 'X' site (Dmitriev et al., 2004) , twenty-three bases comprising AdcR-binding motifs are present between the IS and the lmb-phtD operon (ttaactggttaataactggttaa), which suggests an AdcR-dependent regulation of the lmb gene of S. agalactiae and again a link between IS1548 insertion sites and zinc homeostasis.
IS1548 inserts into the adcRCB operon
Because AdcR is a major regulator of zinc homeostasis in the Streptococcus genus, and on the grounds that we identified a putative link between IS1548 insertion and zinc homeostasis, we searched for the presence of IS1548 insertions in the adcRCB region of sixteen S. agalactiae strains previously identified to possess this IS ( Table 1) . To that aim, we sought to amplify by PCR putative downstream junctions between IS1548 and the adcRCB region using a forward primer in IS1548 (primer B, Fig. 1 ) and reverse primers (primers F, G, H, and I, Fig. 1 ) located at different positions on the operon (Table S1) .
Sequencing of the amplified fragments allowed the identification of a new IS1548 insertion site 75 bp upstream of adcR in the V88 strain isolated from the vagina of a healthy carrier (site 1, Fig. 1 ; EMBL accession no. HF548338). Nevertheless, in the same strain culture, IS-carrying and IS-free ipk-adcR intergenic regions coexist as we could both amplify and sequence the IS1548-ipk and IS1548-adcR junctions (primers C/A and B/G) as well as the empty ipk-adcR intergenic region (primers C/D) ( Fig. 1 ; EMBL accession nos. HF548337, HF548338, and HF548339). We identified another IS1548 insertion site in adcR in the L9 meningitic strain (site 2, Fig. 1 ). Again, in the same strain culture, IS-carrying and IS-free adcR genes coexist as we could both amplify and sequence the junction between IS1548 and adcR (primers B/G, Fig. 1 ; EMBL accession no. HF548340) and a fragment corresponding to the gene without the IS (primers E/F, Fig. 1 ; EMBL accession no. HF548343).
Maintenance of bacterial zinc homeostasis is a great challenge during the infectious process, and adcR was found to be required for full virulence of S. suis (Aranda et al., 2010) . Zinc homeostasis is essential for bacteria because this element is indispensable for growth but becomes toxic at high concentrations. During neonatal meningitis, S. agalactiae has to cross subsequently several anatomic sites, which present very variable zinc concentrations: about 1.5 lM in the amniotic fluid, more than 14 lM in the blood, and 2.3 lM in the cerebrospinal fluid (Meret & Henkin, 1971; Tamura et al., 1994) . Moreover, during infections, the host organisms react by increasing free zinc concentration, especially in their mucous membranes (McDevitt et al., 2011) . It is thus primordial for S. agalactiae to be able to quickly adjust zinc transport in response to zinc-fluctuated concentrations. Due to the presence of a putative r 70 transcriptional promoter at the end of IS1548 (our unpublished results), its insertion into two sites of the adcRCB region might have an impact on zinc transport by modulating the expression of the Adc transporter and/or other proteins involved in zinc transport. As this insertion affects only a part of the bacterial population, this phenomenon may increase the genetic variability of the whole population, allowing it to better cope with adverse conditions occurring during the infectious process. Such phenomenon, called adaptive mutation, has been described for IS1 or IS5 insertions upstream of the cryptic bgl operon of E. coli, or IS4Bsu1 insertion in the comXP operon of Bacillus subtilis (Hall, 1998; Nagai et al., 2000) . Interestingly, sag0194-sag0196, encoding a transcription antiterminator of the BglG family, and comX. 1 are also IS1548
(A) (B) Fig. 1 . Schematic representation of IS1548 insertion sites into the adcRCB operon of Streptococcus agalactiae. targets in S. agalactiae and in S. pyogenes, respectively (Beres et al., 2002; Tettelin et al., 2002) .
Two motifs of 8 and 10 base pairs are present in IS1548 insertion regions
To further characterize the genomic regions targeted by IS1548 in S. agalactiae, we searched whether the identified insertion regions possess common characteristic motifs. We submitted to the MEME software the DNA sequences from 100 bp upstream to 100 bp downstream of the direct repeats generated after IS1548 integration. These sequences included the six IS1548 regions of strain 2603V/R, the region between scpB and lmb of strain 97-3, and the two adcR regions identified in strains V88 and L9. A slightly degenerate 10-bp motif (motif 1, Fig. 2 ) is present three times between glmS and phnA, where it almost totally overlaps the direct repeat (GAAAA TAGGC), and once between sag0194 and sag0196, between engA and sag1618, or between sag0692 and sag0694. A more degenerate 8-bp motif (motif 2, Fig. 2 ) was also identified once between sag0194 and sag0196, between ipk and adcR, between engA and sag1618, between ppc and ftsW, between glmS and phnA, between sag0692 and sag0694, or between scpB and lmb. We then used the two motifs identified by MEME to identify potential IS1548 targets in the S. agalactiae genome. Due to our interest in IS1548 integration having a potential impact on the expression of downstream genes, we focused our search in the 5′-end (first 200 nucleotides) and in the intergenic region upstream of strain 2603V/R ORFs. Using the MAST software, we 9.9 *Nucleotide position from the predicted translation start site. †Motif P-value, probability of a random sequence of the same length to contain some match with a score as good or better; sequence E-value, expected number of sequences in a random database of the same size (2225 sequences) that would match the motif as well as the sequence does.
searched for the best matches of motif 1 (E-value < 10). Using this criterion, we found it in twenty-six regions, comprising all regions used to generate the motif with the exception of the one between sag0692 and sag0694 (Table 2) . Interestingly, this motif is present in the intergenic region upstream of ipk, a gene located just upstream of adcR, indicating that this part of the genome is a particular target for IS1548 insertion. In addition, it is also found in the 5′-end of csrS, a known target of IS1548 in S. pyogenes (Engleberg et al., 2001) . Because of its shortness, motif 2 is found very frequently in the S. agalactiae genome. We thus only report the results corresponding to the best matched sequence (AGGTTGTT, P-value = 1.9 10
À5
; E-value < 50). Using this severe criterion, thirty-six regions were found to possess this sequence (Table 3 ). The csrS region was the only one found to possess both motif 1 and the AGGTTGTT sequence. It is worth noting that the AGGTTGTT sequence is present upstream of sag1938, which encodes a lmb homologue. The murB region seems to be another particular target for IS1548 insertions. Indeed, the AGGTTGTT sequence is present upstream of murB and in the 5′-end of folC, a gene belonging to an operon located just upstream of murB. Interestingly, in strain 2603V/R, IS1548 is integrated in the intergenic region upstream of sag1618, which belongs to a putative operon including murC (sag1615) (Fig. 3) . As Mur B (UDP-Nacetylpyruvoylglucosamine reductase) and MurC (UDP-N-acetylmuramate:L-alanine ligase) are both involved in peptidoglycan synthesis, this suggests that IS1548 may have an impact on this cellular process (El Zoeiby et al., 2003) .
IS1548 insertion upstream of murB is widespread within the clonal complex 19
We tested experimentally our prediction on one of the identified IS1548 potential targets. The presence of IS1548 in the murB and murC regions was searched in our collection of strains. The presence of IS1548 in the folKmurB intergenic region was searched by amplifying using PCR the putative junctions between IS1548 and the folK or murB genes (primers J/A and B/K, Table S1 and Fig. 3 ). All of the 11 strains belonging to the CC19 tested *The AGGTTGTT sequence was identified by MAST with a motif P-value = 1.9 10 À5 and a sequence E-value < 50 (Motif P-value, probability of a random sequence of the same length to contain some match with a score as good or better; sequence E-value, expected number of sequences in a random database of the same size (2225 sequences) that would match the motif as well as the sequence does). †Nucleotide position from the predicted translation start site. were positive for the two PCRs, along with the strains V105 (ST-404) and G82 . For all these strains, the amplicons had lengths of about 350 and 480 bp for the upstream and downstream junctions, respectively. By sequencing them in strain L9, we determined that IS1548 was inserted 116 bp upstream of the murB coding sequence, giving 10-bp direct repeats (Fig. 3 , EMBL accession nos. HF548341 and HF548342).
In the other three strains tested, the absence of IS1548 was confirmed by amplification of a fragment of about 420 bp corresponding to the empty intergenic region (primers L/M; Table S1 and Fig. 3 ). We also searched for the presence of IS1548 in the intergenic region between engA and the murC operon by PCRs amplifying the junctions between IS1548 and engA or sag1618 (primers N/A and B/O; Table S1 and Fig. 3 ). All these PCRs were negative for all strains, whereas we could amplify a fragment of about 500 bp corresponding to the empty intergenic region (primers P/Q; Table S1 and Fig. 3 ). So, IS1548 is integrated only in the site located upstream of murB in the analyzed strains, and this integration is very prevalent in particular among meningitic strains of the CC19. In S. agalactiae, murB is organized into a putative operon along with the potABCD genes encoding a polyamine ABC transporter and sag1107 encoding a voltage-gated chloride channel (Tettelin et al., 2002) . In S. pneumoniae, co-transcription of murB with the potABCD genes was shown experimentally (Ware et al., 2005) . In this latter species, these genes are induced by environmental stresses and involved in fitness and pathogenesis via the regulation of expression of some virulence factors (Shah et al., 2011) . So, IS1548 insertion into the intergenic region upstream of murB could have some effects on virulence via an upregulation of the downstream genes.
In conclusion, our analysis allowed the identification of S. agalactiae fitness/virulence genes potentially regulated by an IS1548 integration mechanism. The importance of the impact of IS1548 insertion on the physiology of S. agalactiae deserves further investigations that will be carried out in our laboratory.
